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We performed 77Se-NMR measurements on FeSe1−xSx (x = 0.12) up to 3.0 GPa at an applied
magnetic field of 6.02 T, and found that the superconducting (SC) phase exhibits a remarkable
double-dome structure in the pressure(P )-temperature(T ) phase diagram which is hidden at 0 T.
From the relaxation rate 1/T1 divided by T , 1/T1T , a Lifshitz transition may occur at 1.0 GPa, and
the dominant nesting vector could change due to topological changes in Fermi surfaces. In other
words, two types of antiferromagnetic (AFM) fluctuations would exist in the P -T phase diagram.
We conclude that the SC double domes in 12%-S doped FeSe consist of two SC states each of which
correlates to a different type of AFM fluctuation. Furthermore, the strong AFM fluctuation at
ambient pressure could originate from a possible hidden AFM quantum critical point.
Recently, iron chalcogenides, so-called 11 systems,
have received much attention because of their unique
phase diagrams. In particular, FeSe undergoes nematic
and superconducting (SC) transitions at 90 and 9 K,
respectively, without any magnetism at ambient pres-
sure [1], while an antiferromagnetic (AFM) phase ex-
ists in most iron based superconductors, such as un-
doped or low carrier doped 1111 and 122 systems [2].
The pressure (P )- temperature (T ) phase diagram for
FeSe has been obtained from the resistivity measure-
ments [3]: the nematic phase disappears at 1.5 GPa, and
an AFM phase with a dome structure is induced in the
P -T phase diagram instead. The AFM phase overlaps
the nematic phase at the boundary in the P -T phase
diagram. The SC phase develops remarkably as pres-
sure increases above 1.5 GPa: SC transition temperature
(Tc) of 9 K at ambient pressure goes up to 37 K at 6.0
GPa. In this pressure-induced AFM phase, a stripe-type
spin configuration with the nesting vector (pi, 0) has been
suggested from NMR measurements [4]. A theoretical
investigation proposed that an inner hole-like pocket ap-
pears due to increasing pressure and it would make the
AFM ordering with the (pi, 0) nesting [5]. More informa-
tion about the Fermi surfaces at ambient pressure has
been obtained from the angle resolved photo emission
spectroscopy (ARPES) [6–12]. The Fermi surfaces of the
pure FeSe are constructed by a hole-like pocket at the Γ
point and elliptical electron-like pockets at the M point.
Several experiments suggest orbital ordering under the
nematic states, where the degeneracy between dxz and
dyz orbitals is resolved [6, 9].
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The phase diagram determined from the resistivity
dramatically changes with sulfur (S) doping [13]: the
pressure-induced AFM phase with the dome structure
moves to a higher pressure region as the doping level is
increased. As a result, the nematic phase is segregated
from the AFM phase in the P -T phase diagram. Interest-
ingly, Tc for x = 0.12 reaches a maximum (∼30 K) at the
intermediate pressure (∼3 GPa) where both the nematic
and AFM phases are absent (see the inset of Fig.1c).
Contrary to the P -T phase diagram, no AFM phases are
induced in the x-T phase diagram at ambient pressure
[14–16]. An additional hole-like pocket emerges, and the
electron-like pockets become isotropic as the doping level
is increased [14, 16–18]. Because the nematic, SC, and
AFM phases overlap each other in a complex manner in
the P -T phase diagram for the pure sample, the 12%-
S doped sample is preferred for the investigation of the
origin of a high Tc under pressure.
In the present work, we revealed the double-dome
structure of the SC phase which is hidden at 0 T from
77Se -NMR measurements on 12%-S doped FeSe under
an applied field. We found that each of these two domes
correlates to a different type of AFM fluctuation. In addi-
tion, we argue that the strong AFM fluctuation observed
at ambient pressure could originate from a possible hid-
den AFM quantum critical point (QCP).
We performed 77Se-NMR measurements at 6.02 T up
to 3.0 GPa on a 12%-S doped single crystal with dimen-
sions of about 1.0 × 1.0 × 0.5 mm. We used a NiCrAl
pressure cell [20] and Daphne oil as pressure mediation
liquid. We placed the crystal in the pressure cell so that
the FeSe plane was parallel to the applied field.
First, we determined Tc from AC susceptibility mea-
surements using the tank circuit of a NMR probe at both
2FIG. 1. The relaxation rate 1/T1 divided by temperature (T ), 1/T1T , for
77Se measured at 6.02 T up to 3.0 GPa. The dashed
and solid lines are the guides for the eyes. (a), (b) 1/T1T at low and high pressures, respectively. (c) Expansion of 1/T1T for
Figs.1a and 1b at low T below 60 K. The inset shows the phase diagram obtained from the resistivity measurements [13].
0 T and 6.02 T (see Table I). In the absence of a field, Tc
is enhanced with increasing pressure and reaches about
25 K at 3.0 GPa. Surprisingly, at 1.0 GPa, no SC phase
was observed down to 4.2 K at 6.02 T. This remarkable
suppression of Tc at 1.0 GPa is also observed in the NMR
measurements as mentioned below.
We measured the relaxation time T1 using a con-
ventional saturation recovery method. The relaxation
rate provides a measure of low-energy spin fluctuations.
When the wave vector (q) dependence of the hyperfine
interaction is neglected, 1/T1T is expressed as follows:
1
T1T
∼
∑
q
Imχ(q, ω)
ω
(1)
where ω and χ(q, ω) represent the NMR frequency and
the dynamical spin susceptibility, respectively. Fig.1a
and Fig.1b show 1/T1T in low and high pressure regions,
respectively. The temperature where 1/T1T has a peak
is in good agreement with Tc determined from the AC
susceptibility measurements. There is no peak at 1.0
GPa down to 4.2 K, which is also consistent with the
AC susceptibility measurements at 6.02 T. Below Tc, the
signal intensity becomes extremely small, and we could
not detect signals below 10 K at 2.0 GPa and 15 K at 3.0
GPa. At ambient pressure, 1/T1T clearly shows Curie-
Weiss-like behavior below 60 K where the system un-
dergoes the nematic transition. Thus, the strong AFM
TABLE I. Tc measured at 0 T and 6.02 T up to 3.0 GPa.
Pressure (GPa) Tc at 0 T (K) Tc at 6.02 T (K)
ambient 9.8 6.5 [19]
1.0 8.8 2 [19]
2.0 15.5 14.2
3.0 25.5 24.1
fluctuations exist at ambient pressure. At 1.0 GPa, the
strong AFM fluctuations observed at ambient pressure
are strongly suppressed (Fig.1a). From 2.0 GPa to 3.0
GPa, 1/T1T is enhanced with increasing pressure, and
at 3.0 GPa, the Curie-Weiss-like behavior revives below
30 K (Fig.1b). Because the system comes close to the
magnetic ordering state with increasing pressure (see the
inset of Fig.1c), one would expect that 1/T1T increases
monotonically due to the AFM fluctuations. However,
1/T1T is reduced up to a pressure of 1.0 GPa and then
recovers as further pressure is applied. This unexpected
P dependence of 1/T1T can be clearly seen in Fig.1c.
A single 77Se-NMR signal was observed in a tetrago-
nal state, and it exhibits a double-peak structure in the
nematic phase. At ambient pressure, a 77Se line splits
into two lines below 60 K, which is in good agreement
with the nematic transition temperature obtained from
the resistivity measurements [13, 19]. For the pure sam-
ple (x = 0), the signal was detected as two separated lines
in the nematic phase [1, 4, 21]. However, for our 12%-
S doped sample, the two lines overlap each other. This
implies that the Fermi surfaces become isotropic due to
S doping. 77Se-NMR shifts at ambient pressure deter-
mined from FFT-NMR spectra are shown in the inset
of Fig.2a. The average of the shifts at ambient pressure
are plotted as black crosses in the main panel of Fig.2a.
The shifts in Fig.2a qualitatively exhibit similar T de-
pendence, and the quantitative difference comes from the
density of states. Thus, the Fermi surfaces would change
by the application of pressure. The NMR shift undergoes
a sudden drop at about Tc at high pressures of 2-3 GPa,
which implies that the SC gap structure changes between
ambient pressure and 2-3 GPa.
Fig.2b shows the full width at half maximum (FWHM)
which is obtained from a single Gaussian fit for the 77Se
line. Because the hydrostaticity deteriorates, the FWHM
tends to increase with increasing pressure. At ambient
310
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FIG. 2. (a) T dependence of the 77Se-NMR shift at several
pressures. The black crosses represent the average of two
lines in the nematic phase. The black arrows represent Tc.
The inset shows the T dependence of the shift at ambient
pressure. The split lines are obtained from two Gaussian fits.
(b) T dependence of the full width at half maximum (FWHM)
determined from a single Gaussian fit. The gray arrows show
the nematic transition points determined from onsets of the
upturn.
pressure, where the system undergoes the nematic phase
below 60 K, the FWHM has two inflection points. The
first point at about 60 K reflects the nematic transition
and the second point at about 9 K reflects the SC tran-
sition. In addition, the T dependence of the FWHM at
ambient pressure shows a convex upward characteristic
from 60 to 9 K, and a similar T dependence is observed
at 1.0 GPa from 50 to 15 K. At 2.0 GPa, the FWHM
takes a slight upturn at about 30 K which is represented
by the gray arrow in Fig.2b. From the resistivity mea-
surements [13, 19], the nematic QCP may exist near 1.0
GPa. Thus, the upturn seen in the FWHM in a pres-
sure of 1-2 GPa may reflect short range nematic order
suggested in pure FeSe [22, 23]. At 3.0 GPa, the T de-
pendence of the FWHM shows a single upturn at Tc, so
that the nematic phase is completely absent. The long
or short range nematic transition temperature is plotted
in Fig.3a.
As we will discuss below, our results imply that (1)
two distinct SC states in FeSe1−xSx (x = 0.12) form the
double-dome structure in the P -T phase diagram under
the applied magnetic field and that (2) a hidden AFM
QCP exists at ambient pressure.
First, we discuss the former, (1). At first glance,
Tc seems to be suppressed by the nematic fluctuations
around a nematic QCP and seems to increase at higher
pressures because the SC state is free from the sup-
pression. From the FWHM (Fig.2b), however, the ne-
matic fluctuation would exist up to 2.0 GPa whereas
an anomaly of Tc emerges at 1.0 GPa (Fig.3a). It is
possible that a Lifshitz transition causes the anomaly
in Tc at 1.0 GPa. Considering the P and T depen-
dence of 1/T1T (Fig.3a), AFM fluctuations seem to cor-
relate to Tc. To understand the relationship between the
AFM fluctuations and the SC phase, the evolution of
the Fermi surfaces and the nesting vector upon S dop-
ing and the application of pressure should be taken into
account. From the ARPES and quantum oscillation mea-
surements, the electron-like pockets at M point become
isotropic with S doping and a Lifshitz transition may oc-
cur [16, 17, 24]. Furthermore, the theoretical investiga-
tion suggests that the additional hole-like pocket emerges
at the Γ point under pressure [5, 18]. Both S doping and
the application of pressure would make the electron pock-
ets isotropic [12, 18]. Taking these topological changes
into account, in S doped FeSe under pressure, remarkable
changes of the Fermi surfaces and the dominant nesting
vector could occur. The NMR spectra reflect these topo-
logical changes as mentioned. Thus, two types of AFM
fluctuations (colored in green in Fig.3a) imply that the
Lifshitz transition occurs and the dominant nesting vec-
tor changes around 1.0 GPa. The P dependence of Tc
correlates to this change in the topology, which can be
clearly seen in Fig.3a.
The 77Se-NMR shifts are also consistent with the sce-
nario that two different SC states form the double-dome-
like SC phase in the P -T phase diagram at 6.02 T. In the
SC phase, the shift decreases with decreasing T . Con-
trary to the shift at ambient pressure, it exhibits a re-
markable drop at Tc at 2.0 GPa and 3.0 GPa. While the
data points to detect the SC gap symmetry are few, this
difference may reflect the two different SC phases. From
the above, two different SC phases exist in FeSe1−xSx
(x = 0.12) under pressure, and thus, SC-SC transition
may occur. Recently, the STM and STS measurements
imply two distinct pairing states in the x-T phase dia-
gram [25, 26]. It is uncertain that the SC-SC transitions
in the P -T and x-T diagrams are the same at present.
Next, we discuss a possible hidden AFM QCP, (2).
In FeSe systems, the AFM fluctuation is very strong at
ambient pressure despite the absence of magnetic order,
which is an open problem at present [4, 27]. Herein,
we propose a possible explanation for this phenomenon.
Fig.3b shows the P dependence of the Weiss temperature
θ determined from a Curie-Weiss fit:
1
T1T
∼ a+
b
T − θ
(2)
where a and b are assumed to be coefficients independent
of T . In general, θ = 0 K at QCP. In Fig.3, θ takes 0 K
near 0 GPa and 2.6 GPa. The latter is accountable as the
QCP of the pressure-induced AFM phase, although the
value is smaller than that suggested from the resistivity
measurements [13]. It is important to ascertain why θ
takes 0 K near 0 GPa where no magnetism is observed.
A possible explanation is that another AFM phase would
exist in an imaginary negative pressure region. Applica-
tion of hydrostatic negative pressure is unrealistic. In
terms of lattice expansion, however, isovalent substitu-
tions can give a clew for understanding the unexpected
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FIG. 3. (a) Phase diagram and magnetic fluctuations in
FeSe1−xSx (x = 0.12). The inverted triangle and circles rep-
resent Tc at 0 T and 6.02 T, respectively. The value of 1/T1T
is superimposed in the phase diagram by a colored contour.
The black squares represent the long and short range nematic
transition temperatures determined from the FWHM. (b) The
Weiss temperature θ determined from the Curie-Weiss fit for
1/T1T . The dashed line is the guide for the eyes.
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FIG. 4. Schematic phase diagram for FeSe1−xSx (x = 0.12).
The black dashed vertical line represents ambient pressure.
quantum criticality at 0 GPa. For example, Te-doped
FeSe and FeTe have larger lattice constants than S-doped
FeSe and pure FeSe [28–30]. FeTe1−ySey undergoes an
AFM transition with small values of y [28, 29, 31]. Ac-
cording to a recent preprint, the AFM fluctuation is re-
duced as the S doping level increases at ambient pressure
[21]. This fact can be understood if the system with ex-
cess S doping level is located far from the hidden QCP,
because S doped FeSe has smaller lattice constants than
pure FeSe [13, 32]. Therefore, the strong AFM fluctua-
tions observed in pure FeSe and FeSe1−xSx could orig-
inate from a possible hidden AFM QCP. Interestingly,
the P dependence of the Weiss temperature in the low
pressure region seems to have some correlations with the
nematic transition temperature (see Fig.3).
Assuming that the hidden QCP exists, the phase di-
agram is reminiscent of that for LaFeAsO1−xHx, where
two SC domes are sandwiched between two AFM phases
[33, 34]. Fig.4 shows a schematic phase diagram of
FeSe1−xSx. The double dome structure of the SC phase
is sandwiched between two separated AFM phases. The
hidden QCP and the unique phase diagram are first sug-
gested from our present NMR measurements on S-doped
FeSe, where the nematic phase is segregated from the
AFM phase. Because there is no way to apply hydrostatic
negative pressure, this phase diagram is speculative. To
clarify this, systematic investigations with wider x and
P ranges are needed. However, it is certain that we ob-
tained clues for understanding the SC pairing mechanism
in iron-based superconductors.
In summary, we have demonstrated that two differ-
ent SC states form the double-dome-like SC phase in
FeSe1−xSx (x = 0.12) under pressure. The Lifshitz tran-
sition may occur around 1.0 GPa where Tc is strongly
suppressed. Thus, an unexpected P and T dependence
of 1/T1T reflects topological changes in Fermi surfaces,
that is, the dominant nesting vector below 1.0 GPa is dif-
ferent from that above 1.0 GPa. In addition, the Weiss
temperature θ takes 0 K near 0 GPa, which implies that
another AFM QCP exists. In nature, the SC phase in
FeSe1−xSx (x = 0.12) has the double-dome-like struc-
ture, and is sandwiched between two AFM phases, simi-
lar to the case of LaFeAsO1−xHx.
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